Abstruct-Laboratory measurements of microwave scattering at grazing incidence from superposed wind and weakly nonlinear (AK<0.024) regular long waves are presented. This study is an extension of previous measurements with wind waves only. A dual polarized (VV, HH) coherent pulsed Ku-band (14 GHz) scatterometer witb temporal resolution of 3 ns was used to obtain Doppler spectra and the absolute cross section of scattered signals for grazing angles from 6" to 25" and winds in the range 2-12 m/s. A wire wave-gauge array was used to measure the wind-wave field. Measurements of the frequency and amplitude modulation of the scattered signal due to the long waves showed that the data separated into two groups. The first grouping corresponded to HH scattering in the upwind direction and was clearly associated with scattering from the dominant gravity wind-waves on the crests of the long waves. In this case, the wind speed clearly influences the frequency modulation due to long waves. The second grouping corresponded to scattering in the downwind direction and was consistent with Bragg scattering from higher frequency waves. In this case the frequency modulation due to orbital velocity of the long waves was found to he weakly dependent on wind speed over the range of parameters studied. This classification of the electromagnetic scattering was consistent with comparisons of direct and Doppler measurements of the kinematics of the surface wave field.
I. INTRODUCTION
HIS paper is an extension of previous work in which T laboratory measurements of scattering by wind waves only was reported [9] . That study of dual-polarized Kuband scattering at grazing incidence showed that the data separated into two groups. The first grouping corresponded to HH scattering in the upwind look direction, and was clearly associated with scattering from features of the surface traveling at the phase speed of the dominant wind waves in the gravity-wave range. The second grouping corresponded to HH scattering in the downwind look direction, and all VV scattering, and was consistent with Bragg scattering from higher frequency waves. The issue addressed in this paper is how modulation by longer (mechanically generated) waves influences the scattering.
According to the composite surface scattering model, the long waves (the energy-containing part of ocean-wave spectra) do not participate directly in microwave scattering. Their effect Manuscnpt received January 12, 1995; revised January 19, 1996 . This work was supported by grants from ONR (Remote Sensing) and NSF (Physical Oceanography) .
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is to modulate the amplitude and frequency of the scattered signal. All remote sensing applications for measuring long wave parameters are based on these effects. A quantitative linear estimate of long wave modulation in the field may be obtained in terms of a modulation transfer function (MTF) [8] , which is the normalized cross-spectrum function between two processes: the long waves (slopes, heights, or orbital velocities) and the scattered power. Coherent scatterometers are usually used for MTF measurement. Even 20 years ago the frequency modulation of the scattered signal was shown to be consistent with the orbital velocities of the long waves [ 121. Thus the frequency and amplitude channels of a coherent scatterometer may be used for determining the MTF.
Within the past 15 years, many MTF measurements for different scatterometer bands, wind-wave conditions and illumination geometry have been made. These include measurements at moderate incidence angles [6] , [ 131, [ 161 and grazing angles [7] , [Ill. However, some of the quantitative results remain controversial, with some doubt about the direct dependence of the frequency modulation on the long wave orbital velocity in strong winds [ll] .
Let us now consider laboratory studies of scattering in the presence of long waves. The modulation in back-scattered power due to the presence of 0.575-Hz regular waves was studied in [5] . The fractional modulation (MTF) for VV, X-band scattering at moderate incidence due to both electromagnetic (local incidence angle changes: surface tilt) and hydrodynamic effects (surface straining) was measured. A difference between up-and down-wind directions of illumination was observed in accordance with a relaxation time theory. This theory for composite surface scattering predicts a characteristic relaxation behavior for the wind-speed dependence of the real and imaginary part of the amplitude modulation function due to long waves.
The Doppler frequency modulation for X-band scattering at moderate incidence by wind waves superimposed on mechanically generated (1.56 Hz) waves was also studied in [3] . The correspondence, to first order, of the Doppler shift due to straining of the long waves' orbital velocity was found along with a predominant localization of the Bragg scatterers on the crests of the gravity waves.
Both the amplitude and frequency modulation by 1 Hz mechanical waves superimposed on wind waves for an HH, Xband scatterometer at grazing incidence were studied in [14] [15] . A deterministic description was used for the analysis of simultaneously recorded scattered signal and the surface slope piofiles with very high space-time resolution.
It was found that the presence of long waves provided two types of features responsible for 'sea spike' radar echoes. The first is a nonlinear feature near the crest, caused by local steepening due to the long wave passage. The second could be consistent with the steepening of wind waves in a blockage area at the long wave trough.
The study reported here uses a dual-polarized, pulsed, Kuband, Doppler scatterometer to measure long-wave modulation phenomena at grazing incidence. As will be shown below, a statistical consideration of Doppler frequency characteristics for different wind conditions and directions of illumination is very useful. The use of both (upwind and downwind) diirections of illumination requires special attention to the methods of estimation of the electromagnetic and hydrodynimic modulation separately. The difficulties of that separation girow dramatically with decreasing grazing angle. To avoid possible sources of error due to strong nonlinear interaction, we chose to work with long waves of small slope.
EXPERIMENTAL METHODS

A. The Wave Tank
The wave tank used to obtain these data is the large windwave channel in the Hydraulics Laboratory at the Scripps Institution of Oceanography (Fig. 1) . The working section of the channel is 36 m long, 2.4 m wide, and 2.4 m high, with a water depth of 1.2 m. The central Plexiglas-walled section of the channel was used for mounting the scatterometer and wave gauges. Winds from 2-12 m/s are generated with a fan 18 m downwind of the measurement site. A beach at this end of the tank dissipates incoming waves. The wind-tunnel section has a flat roof 28 m long with an 8 m long entry section at the wave-paddle end of the channel. A fetch of 11 m was used for all the measurements.
The Microwave System
A coherent, 14 GHz (A = 2.1 cm), dual-polarized, pulsed system is used for obtaining the amplitude and phase of the scattered signal. The scatterometer has two slightly different ( A F = 240 MHz) transmitter frequencies for obtaining simultaneous VV and HH polarized signals. Two short-pulse amplitude modulators provided 3 ns modulation of the transmitted signal (45 cm spatial resolution). The scatterometer was described in detail in [9] . A two-channel Stanford Research System Model SR250 Fast Gated Integrator and Boxcar Averager is used for converting the short-pulse signal of bandwidth 0-240 MHz to a low-frequency (0-3.75 kHz) analog signal for the VV and HH channels.
The electronics is mounted directly on the antenna array. The transmitting and receiving antennas are two 20 cm diameter horns with a one-way, 3 dB beam width of approximately 6.7". The antennas were fixed under the wind tunnel roof 40-70 cm above the water surface, and centered in the crosstank direction. The grazing angle could be varied from 6" to 2 5 O , and the antennas could be positioned to give either an upwind or downwind direction of illumination.
The scatterometer was calibrated using a swinging 6.5 cm diameter, aluminum sphere at a distance of 3.5 m, which was equal to the range to the center of the scattering footprint R.
The R-4 dependence was checked over the range 2 5 R 5 10 m. The absolute mean cross section per unit area is then calculated according to where (e;) is the mean value of the squared output of the signal scattered from surface waves, and (e:) for the sphere; us is the theoretical cross section of a perfectly conducting sphere, and A f is the illuminated area of the antenna for the pulsed radar at grazing incidence, calculated according to where Qc is the antenna beamwidth in the crosstank-direction, c is the speed of light, and 7 , and T2[rm = T~] are pulse widths for the modulator and gated integrator, respectively. For R = 3.5 m, r , = 2 ns, and r2 = 3 ns, the size of the footprint was approximately 3000 cm2. To insure an accurate determination of the footprint dimension, measurements were made with the calibrating sphere at a number of locations in both the crosstank and along tank directions. The signal-tonoise ratio of the full system permitted the measurement of a minimum value of (T, of -60 dB.
C. Supporting Instrumentation
The surface displacement field was measured with 0.1 mm diameter nichrome resistance wire wave gauges. An instantaneous profile of the surface waves was measured with a set of 16 similar wave gauges spaced 2 cm apart' normal to the direction of wave propagation. All 16 gauges are connected to a MetraByte Universal Expansion Interface, Model Exp. 16, and sampled at a frequency of 200 Hz. The wave gauges, as well as a TSI hot-film anemometer for measuring the velocity in the water column, were placed at the measurement fetch and 80 cm from the centerline of the channel. The wind speed at the centerline was measured 50 cm above the mean water level with a propeller-type [Young Model 05 3051 anemometer which was calibrated with a Pitot-static tube. Air and water temperatures were measured with a standard mercury thermometer. For mechanical reasons it was necessary to increase the wind-channel height at different grazing angles. In all experiments the direct measured wind speed was used as the control parameter. Preliminary experiments showed that for fixed wind speed no discernible differences in the data occurred for different water depths (wind channel heights).
D. Data Acquisition and Processing
The computer used for data acquisition was a 486 PC equipped with two Metrabyte DAS16 cards (12 b, 8 differential channel) for analog to digital conversion. Four analog signals (VV and HH scatterometer outputs, hot wire anemometer, and a single wave gauge) were sampled at a frequency of 3.2 KHz (800 Hz per channel). Time series lengths were 1 or 2 min.
The main goal of this study was to understand the modulation due to the presence of long waves. This required simultaneous VV and HH measurements along with wave gauge data. Of particular interest are those characteristics of the scattered signal and wave field which could be associated with different phases of the long waves. Thus the amplitude (power) and phase (frequency) parameters of the scattered signal as well as the short wave characteristics should be presented in terms of the local phase of the long waves.
I ) Scattered Signal Parameters: To obtain local spectra, the full 1 or 2-min time series (800 Hz sampling frequency) were divided into 0.375 s windows with 0.125 s of overlap.
The data were Hanning windowed, FFT's were performed, and then averaged with a frequency resolution of 3.125 Hz. The peak frequency F, of the smoothed local spectra as well as the variance Po (integral of the spectra) were determined. These values of F, and Po then corresponded to successive points in the time series of frequency and amplitude, respectively. Such time series F,(t) and P,(t), as well as long wave height A ( t )
at the same sampling frequency of 8 Hz, are presented in Fig. 2 as a sample of the method of estimation used to calculate local This wave gauge array was only used to look at wind-wave components having wavelengths of 10 cm or more, so aliasing of shorter wavelengths is insignificant. parameters of the scattered signal. Here the change of these parameters for VV and small wind (top) and HH and moderate wind (bottom), both for upwind illumination, are shown. One can see the simultaneous change in frequency and wave height values: the frequency maxima correspond to the wave crests, and minima to the troughs. Nevertheless, an unexpectedly strong increase in the Doppler frequency modulation for HH and higher wind (long wave amplitude is the same for both cases) can be observed. These phenomena will be discussed below.
2) Wave Field Parameters: To obtain local values of the phase velocity, frequency, and wavelength of the short dominant gravity waves, a two-dimensional (2-D) space-time image of the profile-meter data was used. A sample of such an image is shown in X-T coordinates in Fig. 3 (c) for a 3-s period and 3.5 cm amplitude (half the trough to crest distance) long wave and wind velocity U = 3.2 d s . The pixel value from zero to one corresponds to increasing levels of short wave amplitude. Contour lines emphasize the wave structure. This picture could be transformed into a group of single mean inclined lines corresponding to the locations of the short wave crests. The phase velocity of these short waves, C, is then proportional to tany, where y is the angle of inclination of the lines.
The separation of these lines in the I(: or t direction then corresponds wavelength or wave period, respectively. Note the frequency and phase velocity modulation due to the long wave. 
RESULTS
A. Sugace Wave Field Velocity
Typical samples of spectral estimates of high-pass-filtered time series from a single wave gauge [e.g., a time slice of Fig. 3(c) ] for different wind speeds from 3.2 to 11 .O d s are presented in Fig. 3(a) . One can see a bi-modal structure to each spectrum. The first peak (after high pass filtering at Fc = 0.5 Hz) corresponds to the long waves and remains steady for all samples while the second peak due to short waves changes with increasing wind. These data are consistent with wave height spectra obtained under similar wind conditions but without long waves [9, Fig. 5(a) ]. Some broadening of the wind wave spectral peak is observed. Let us estimate now how the long waves affect the short wave velocity field. Fig. 3(b) presents results of measuring wind wave phase velocity and frequency modulation in the presence of long waves. Here the extreme (maxima on the long wave crests and minima on the troughs) values of windwave phase velocity and frequency are shown for different wind speeds but constant 3-s period, 3.5 cm amplitude long waves. Remarkable steadiness of the phase velocity difference AC = C, , , -Cmin can be seen, independent of the wind speed. The measured value of AC is in good agreement with the calculated value of the amplitude of the horizontal component of the long wave orbital velocity V,: AC = avo. defined as
where A is the amplitude, R is the angular frequency (0 = ~T F ) , K is the wave number of the long waves, and d is the water depth. For the condition described above (d = 120 cm, T = 3 s, and A = 3.5 cm) V, = 10 c d s .
Hot film measurements confirmed that at a depth of 10 cm the fluid velocities coherent with the surface displacement due to the long waves were not influenced by the wind speed.
B. Mean Values of Scattered Signal
Mean values of Doppler peak frequency F, and absolute cross section per unit area go with and without long waves for both polarizations and upwind and downwind directions of illumination for different wind speed are shown in Figs. 4 In Fig. 8 the peak Doppler velocities measured separately at the crests and the troughs of the long waves are presented for different wind speeds, look directions, and polarizations. The 63 local Fo(t) time series were used for averaging the different conditions (see Table I ); after low pass filtering (Fc = 0.5 Hz) these time series were used for defining maximum and minimum values of Doppler shift in terms of the velocities VD for each crest or trough, averaged consecutively for the whole run. VD is then ---where X is the radio wavelength, and F,, and F,in are the mean extremum values of the filtered Fo(t) time series.
Here the dependence of Doppler velocity on wind speed VD(U) for wind from 1.8 to 9.5 m / s and grazing angles from 6" to 25", both directions of illumination, and VV (top) and HH (bottom) polarization, are presented. The long-wave parameters are 3 s period and 3.5 cm amplitude for all cases. While the dependence of VD on U for scattering from the trough is similar in each case and consistent with Bragg scat- tering, VD at the crest increases significantly with U , especially for upwind illumination. The crest to trough difference in the Doppler velocity AVD = V D~~~ -VD~,,,, remains steady for the downwind illumination over the range of wind speed considered, with AVD z 2V0. In contrast, the corresponding crest-to-trough velocity differences increase dramatically over the wind speed range for the upwind look direction and AVD exceeds the 2V0 value by 250% for the highest wind. This for the calculation of MTF:
The frequency modulation considered above displays an approximately sinusoidal time series for the frequency peaks of the local Doppler spectra, where higher values of Fo correspond to the crest of the long waves and lower values to the trough. A different and more random picture for the local amplitude time series is observed (see Fig. 2 ). Thus for a quantitative estimate of modulation parameters, a different method of calculation is required. The MTF has become the standard linear descriptor of the relationship between the wave field and the scattered signal, although its limitations in the field (often low coherence and neglect of nonlinear effects) are also well known. The results of such magnitude )MI and phase @ calculations of the MTF for different wind speeds, polarizations, grazing angles, and look directions are presented in Figs. 9 and 10. All measurement conditions are similar to those considered earlier, except for data at the smallest angle ? ) = 6" (see Table I ). Following [6] , two synchronous time series of local power Po(t) and wave height A,(t) were used where G2 is coherence, Po is mean scattered power, SLL and S p p , auto-spectra for wave height and backscattered power, respectively, SLP is the corresponding cross spectrum, and K is the wave number of the long waves. The dependence of mean values of lMl,p, as well as mean power Po on wind speed for both VV, HH, and upwinddownwind directions of illumination are presented in Fig. 9 .
Despite the scatter in the J M I L~ values for the upwind direction, especially at high winds, some conclusions can be drawn. At first, for small and moderate winds all data, except HH upwind, can be grouped together. Nevertheless, results for the phase shift CP of the MTF (see Fig. 10 ) are more regular and can provide important information about the localization of the scattering at particular phases of the long waves. Here the dependence of phase shift for the "Long Wave AmplitudeRower Envelope" MTF on wind speed a~p ( U ) is presented in Fig. lO(a) , and
is shown for comparison in Fig. 10(b) . The values of ~L F were calculated using an equation similar to (3, but using the local Doppler frequency in place of scattered power. For both @ L P and @ L F , zero phase shift corresponds to the long wave crest, with a positive shift to the front slope, and a negative shift to the rear slope of the long waves in shallow water. Consider first CPLF(U). All data are almost independent of polarization and wind speed. For the downwind illumination, values of @ L F vary slightly from 0" (crest) to -20" (rear slope), while for the upwind direction @LF values vary in the range +20" to f30" (front slope).
A different picture for the CPW(U) dependence is evident. While for the downwind direction @~p values for small and high wind again correspond to the rear slope near the crest, polarization dependence appears at moderate winds. Thus for HH polarization the strongest scattering is shifted to the rear slope at almost 90°, at the same time for VV it is approximately equal in amplitude, but opposite in sign (shifted to the front slope).
The phase for upwind illumination is significantly different. In this case, @ values for both polarizations are shifted dramatically along the front slope toward the trough, especially for moderate wind speeds. These features of the CP dependence presumably reflect a difference in the source of the scattering and will be discussed later.
IV. DISCUSSION
In [9] all data were separated into two groups (Bragg and non-Bragg' scattering) by using a phase velocity estimate of scatterers at grazing incidence. The question now is how does 21n this paper we use "Bragg" and "non-Bragg" to refer to scattering from free Bragg components and other components, respectively. The other scattering components may satisfy a Bragg wave number criteria but are not free waves. the presence of long waves effect these groupings? In this case it is convenient to consider the Doppler velocities on the crests and troughs of the long waves.
These measured Doppler velocities, Vo ( U ) , are presented separately for the crests and troughs in Fig. 8 and again (without error bars) in Fig. 11 with corresponding calculated values. The different symbols correspond to different polarizations and directions of illumination. The calculated curves correspond to the phase velocity at the crest and trough for different types of scatterers: Curve 1 corresponds to the phase velocity of dominant wind waves and Curve 2 corresponds to the phase velocity of Bragg waves at the crest or trough. The calculation of phase velocity was made according to the dispersion relation for gravity capillary waves with additional terms to account for the long waves and the wind drift:
( 6 4 where V, is the horizontal component of the long wave orbital velocity calculated from (3), Ud = 0.03U is the wind drift current at the water surface, w and k are the angular frequency and wave number of free surface waves, g is the acceleration of gravity, T is surface tension, and p is the water density.
Consider first Fig. 11(a) for the velocity of the scatterers located at the crests of the long waves. Good qualitative agreement is obtained between the measured and calculated values for HH upwind using Curve 1 (the dominant wind wave phase velocity), and VV downwind using Curve 2 (the phase velocity for Bragg scatterers). As for the HH downwind and VV upwind cases, they also agree more closely with Curve 2 at small and moderate wind speeds, but exceed it for higher wind speeds.
A different picture can be seen for the phase velocity of scatterers at the trough. In this case, all data, excluding HH upwind, are quantitatively consistent with Curve 2 (Bragg scattering). HH upwind is parallel to Curve 2, but consistently larger than this simple estimate.
The influence of the long waves is remarkable, as they evidently change the nature of the scatterers for some cases.
Consider as a specific example the case for HH upwind. In the absence of long waves, [9] found non-Bragg scattering for this case. With long waves the scattering from the crest again kinematically corresponds to the non-Bragg scattering [see Fig. ll(b) ], while for the trough all data for HH upwind became consistently lower. A similar result for VV upwind can also be observed at high wind speeds.
These results have important consequences. The Doppler frequency modulation due to long waves evidently depends on the wind speed. Let us consider this dependence in more detail. The value of the horizontal component of Doppler velocity modulation normalized by the peak-to-peak orbital velocity component, AVo/2.AV0, measured for all cases are presented versus wind speed in Fig. 12 . Curve 1 was calculated under the assumption of different scattering mechanisms (non-Bragg on crest and Bragg on trough), while Curve 2 assumed similarity of the scatterers (either Bragg or non-Bragg) on the crest and A comparison of the observed wind dependence in the absence of long waves with similar results allowed the affect of the different scattering mechanisms to be understood. Thus, for HH upwind (non-Bragg scattering without long waves) the presence of long waves changes the type of scatterers in the trough (with some significant fraction of scatterers becoming 3Field measurements [ll] suggest that the curves calculated according to non-Bragg scattering on crest and Bragg scattering on trough; curve 2 calculated by (6) for similar scatterers on crest and trough.
Dependence of normalized crest-trough Doppler velocity differences due to long wave modulation on wind velocity. Curve 1 calculated by (6) for
Bragg instead of non-Bragg). For both VV and HH downwind (Bragg scattering without long waves) the presence of the long waves does not appear to change the scattering mechanism, particularly for small and moderate winds. Finally, for VV upwind (Bragg scattering without long waves) the long waves act to partially change the nature of scatterers on the long wave crests from Bragg to non-Bragg at high wind speed. These measurements of Doppler frequency modulation qualitatively correspond to data in [ll, [41, [151. In [151, using an X-band coherent scatterometer with ultra-high spatial resolution at grazing incidence angles in a laboratory wind-wave tank, groups of spiky signals were observed for HH upwind with low Doppler frequency on the troughs of 1-s long waves, and high peak Doppler frequency on the crests. The amplitude modulation of the scattered signal due to the presence of long waves is not as clear as the frequency modulation. Unfortunately, we cannot use a deterministic interpretation like [14] , [15] because of our different spatial resolution. Thus a statistical interpretation is sought using the MTF. It should be stressed that estimation of the modulation using the MTF is only valid when the process is linear. Although the coherence function G2, which is a good measure of linearity, has relatively large values (typically 0.7-0.9), nonlinearity of our power time series, especially for HH upwind, is obvious. The large scatter in the MTF magnitude [see Fig. 9(a) ] is likely to have been caused by this effect.
Based on the consideration of the dependence on wind speed of both magnitude and phase of the MTF, three features can be defined. At first, comparison of the modulus of the MTF ( M ( p ( U ) and mean power Po(U) [see Fig. 9 (a) and (b)] show that while ( M l~p remains constant to within a factor of order unity, Po grows dramatically and in a similar way for all directions and polarizations with increasing wind. This means, specifically, that the crest-trough difference in scattered power increases with increasing wind. Although unexpected at first, this result is in agreement with the phenomena observed above regarding changes in the scattering mechanism due to the presence of the long waves. Furthermore, HH upwind again should be separated in a special group, where values of ( M J L P are 2-3 times higher [see Fig. 9(a) ]. This means, that if the change of Po with wind is similar [see Fig. 9(b) ], the amplitude modulation for this group should be higher.
Finally, consideration of the dependence of the MTF phase shift of "Long Wavepower Envelope" @LP(U), as well as the similar dependence for "Long Wave/Doppler Frequency" @ L F ( U ) (see Fig. 10 ) show a steady and slightly different character of the position corresponding to maximum power or frequency localization. This localization is determined in accordance with the simple geometry of the direction of illumination. Some evidence of a change in the "line-of-sight" orbital velocity with changing wind was obtained by [ll] using an offshore X-band coherent pulse radar.
This leads to a second important conclusion regarding the role of non-Bragg scattering. The results considered above emphasize the necessity of reviewing the scattering mechanisms, and not only for grazing incidence. For example, [2] found the MTF at 45" incidence for X-band and Ka-band to be surprisingly similar and have alluded to the role of parasitic capillary waves. This is indirect but strong evidence for nonBragg scattering. In a recent study at the Delft Hydraulics wind-wave facility under moderate and strong wind conditions, we have found direct evidence for bound capillary waves being a significant source of Ku-band back-scattering [ 101.
V. CONCLUSIONS 1) Laboratory measurements of Ku-band scattering at grazing incidence from superposition of wind and gently sloped regular long waves (AK = 0.024,T = 3 s) are presented. This study is an extention of previous measurements with wind waves only. 2) A dual polarized (VV, HH) coherent pulsed Ku-band (14 GHz) scatterometer with temporal resolution of 3 ns was used to obtain change in Doppler frequency due to long wave modulation. A wire wave gauge antenna was used to obtain change in phase velocity of the dominant wind waves due to long wave modulation.
3) Direct measurements of the wind wave parameters demonstrated steadiness of phase velocity modulation due to long waves for all winds from 2 to 12 d s with an accuracy of *20%. 4) Measurements of the frequency modulation of the scattering in the downwind direction of illumination were consistent with Bragg scattering. A constant index of modulation due to the long waves which was independent of the wind was obtained in this case. Measurements of the frequency modulation of the scattered signal in the upwind direction of illumination showed anomalously large modulation, especially for HH. These cases are associated with scattering from the dominant wind-waves on the crests of the long waves and Bragg scattering on the trough. The change of wind speed affects the index of frequency modulation due to long waves, by up to three times for the highest wind.
